Introduction
Fuji Pressensor or Prescale pressure sensitive film ͑Fuji Photo Film Co., Ltd., Tokyo, Japan͒ has been used to measure both contact pressure and area in a variety of applications. These applications, initially industrial in nature, have extended to a variety of purposes; including being used to measure joint contact pressures and areas ͓1-5͔.
Fuji Prescale film consists of two sheets. The A sheet has inkfilled microscopic bubbles that burst at different pressures over a particular range ͑the range is determined by Fuji film type͒. The C sheet has a developer that turns the ink released from the A layer red. As the applied pressure increases more bubbles burst, increasing the intensity of the red stain ͓6͔. This property of Fuji film lends itself to optical measurement of stain intensity. Stain intensity can be converted to applied pressure using the manufacturer's optical comparison charts, which depend on a subjective evaluation that compares stain intensity to the intensities in the chart ͓7-11͔, optical densitometers ͓12-14͔, or, more commonly, by using experimentally determined calibration curves ͓15-31,4,5͔. In addition, the spatial resolution of both the optical comparison charts and optical densitometers is limited by the subjective nature of the intensity conversion and the scan area of the densitometer. Various optical and nonoptical methods have been used for determining the area. The nonoptical methods estimate the contact area by measuring the area by hand from the film. The optical techniques digitize the image and use an analysis program to determine the area ͓32-34͔. In some studies, image analysis was carried out on a scanned film using a commercially available software. The image processing and analysis techniques include thresholding and use of filters, but detail of the threshold level and type of filter used is rarely given. When stated, the resolution of the scanned images is rarely given a numerical value and is often described as "high." In turn, the accuracy of the pressure or area measurements is rarely addressed in these studies.
In this paper, a custom Fuji film processing program for determining the contact area and contact pressure is described. The custom program is verified by checking the results obtained against that from two commercially available software programs commonly used in Fuji film processing. The data used to test and verify the programs are from a series of Fuji film calibration experiments.
Fuji Film Calibration
Fuji film calibration was performed as follows. The two sheets of film were cut to size, put together, and placed between the base and punch. The crosshead of a material testing machine ͑TTS-25kN, Adelaide Testing Machines Inc., Toronto, ON, Canada͒ was then lowered until the stud in the load cell contacted the punch. Figure 1 shows the setup used to calibrate the Fuji film. The load was then increased, by further lowering the crosshead, to the particular load set point. Load and crosshead position data were recorded at 10 Hz. The portion of the punch in contact with the film has a diameter of 25.4 mm. Fuji film stains produced have the same area as the punch. Applied stress can be calculated from the load data. Stains were optically scanned at a spatial resolution of 600 dpi ͑HP Scanjet 5550c, Hewlett-Packard Company, Palo Alto, CA͒ and saved as 8 bit grayscale TIFF images. Applied pressure can be calculated from the punch area and applied load. The area of the punch was used to verify the area calculation of the image processing programs. The average pressures as determined by the image processing programs were compared against each other.
Description of the Custom Image Processing Program
Ten scanned Fuji films stains were chosen from calibration data ͑the first six were low Fuji film with a pressure range from 2.4 MPa to 9.7 MPa and the last four superlow Fuji films with a pressure range from 0.5 MPa to 2.4 MPa͒. The 8 bit grayscale images were loaded into the custom MATLAB program ͑The MathWorks Inc., Natick, MA͒ and converted to pressure images using a fifth order polynomial fit to the calibration data as described by Liggins et al. ͓2͔. The correlation coefficients ͑R2͒ for the fifth order polynomial fit ranged from 0.96 to 0.98 ͑Fig. 2͒. The equation of the fifth order polynomial fit relates applied load ͑or pressure͒ to optical density. The ten pressures were evenly spread over the Fuji film range with points in the high and low pressure saturation regions.
After conversion and before performing calculations of contact area and contact pressure, pressure images were filtered with a 25ϫ 25 pixel averaging filter to remove noise ͑at 600 dpi this corresponds to approximately a 1 ϫ 1 mm 2 filter͒. Noise in the image is assumed to cause variations in the value of individual pixels that is not correlated with the values of neighboring pixels. The averaging filter replaces each individual pixel value with the average value of the pixels in the surrounding 25ϫ 25 pixel area. The filter automatically adjusts the size of the filter to handle averages for pixels close to the image boundary, excluding pixels that fall outside the image boundary e.g., the filter will average values from a square with a 13 pixel side length for a pixel in the top left hand corner of the image. The size of the image is unchanged by the filter as a result of the adjustments in filter dimension at the boundaries.
Artifact introduced during preparation and handling of the Fuji film was excluded by introducing a threshold pressure value of 0.1 MPa. To calculate the area, all pixels in the pressure image with a pressure value above the threshold value were summed. This number was converted to area using the scan resolution. For the average pressure, the pixels with a pressure value greater than the threshold value of 0.1 MPa were averaged.
SCION IMAGE for Windows ͑Scion Corp., Frederick, MD͒ and METAMORPH ͑Molecular Devices Corp., Downington, PA͒ were the image processing programs chosen to compare against our custom program. 600 dpi scans from the ten Fuji film calibration stains were loaded into SCION and METAMORPH in turn. Thresholding was used to select regions of interest over which optical density was averaged. Threshold level was selected using a slider. The area selected by the threshold level chosen was displayed by way of a black and white image in the user interface. This average optical density was converted to pressure using the fifth order polynomial fit ͑Fig. 2͒. The region of interest was also used to determine the contact area. Contact area was not calculated using METAMORPH.
Results of Verification
The actual area of the face of the 25.4 mm diameter punch was 507 mm 2 . As shown in Table 1 average contact areas calculated by MATLAB and SCION were 498Ϯ 49 mm 2 and 543Ϯ 6 mm 2 , respectively. These values are approximately 2% lower and 7% higher than the real contact area.
The higher standard deviation obtained from the custom program is a consequence of the saturation effect of the Fuji film. Figure 3 illustrates the saturation effect. Test number 4 is at a higher applied pressure than test 5 ͑white, 255 or 2 8 −1, is no measured pressure͒. Fuji film has both a high and a low saturation effect. At the high level, increasing the applied pressure does not increase the red intensity; and at the low level, applied pressure is not high enough to burst the ink bubbles, registering as zero applied pressure. A consequence of this is that until the upper saturation level is reached, the contact area appears to grow with applied pressure. This saturation effect is masked by the algorithm used to calculate area in SCION, which does not allow a selection of a numerical threshold value for calculation of area but uses a slider bar to generate a binary image that is used in the calculations. All attempts were made to have the slider in the same position for all the data analyzed and the result is that SCION provides only four different numerical values for area ͑Table 1͒.
The average contact pressures obtained from SCION and METAMORPH were normalized to the value obtained from MATLAB. Transactions of the ASME In addition, a 25ϫ 25 pixel filter was implemented in METAMORPH to determine the effect of filtering on calculated pressure. As shown in Table 2 average contact pressure from MATLAB was 2% higher than from SCION, 7% lower than METAMORPH, and 9% lower than METAMORPH with the filter implemented. All the calculated pressures and areas were within 10% of each other. Additionally, calculated area was within 10% of the experimental value. This level of accuracy is approximately that of the Fuji film, 10-15%, as reported in literature ͓35,2͔.
Conclusions
The custom MATLAB Fuji film image processing program presented calculates contact area and pressure values that are less than 10% different from area and pressure as calculated by commercially available image processing programs, and less than 10% different from the real contact area. This level of accuracy is the same as the accuracy reported in literature for Fuji film, validating the use of this custom program as developed and used in our laboratory for Fuji film image processing.
This custom program provides us with several benefits. We are able to process Fuji film without resorting to commercial image processing software. Additionally having written the custom program, the results are produced by known data transformations on our image data ͑e.g., the 25ϫ 25 pixel averaging filter, thresholding at 0.1 MPa͒ and not by black box operations ͑e.g., the filter function in METAMORPH͒. Further modules can also be easily programed to increase utility, functionality, and processing capability.
It is worth noting that the accuracy stated herein for the custom program is for hard surfaces. With this type of contact there is a relatively quick transition from high to zero pressure at the circumference of the punch. These edge effects affect the measurement accuracy. With softer biological materials there would be indentation and a slower pressure transition, which would affect the accuracy of pressure measurements with Fuji film. While 10% accuracy may not seem impressive, the actual accuracy of the image processing program may be masked by the accuracy of the Fuji film. 
